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We report a two- photon interference effect, in which the entangled photon pairs are generated from two laser pulses well- 
separated in time. In a single pump pulse case, interference effects did not occur in our experimental scheme. However, by 
introducing a second pump pulse delayed in time T, quantum interference was then observed. The visibility of the interference 
fringes shows dependence on the delay time T between two laser pulses. The results are explained in terms of indistinguishability 
of biphoton amplitudes which originated from two temporally separated laser pulses. 

PACS Number: 03.65.Bz, 42.50.Dv 



The superposition principle plays the central role in 
interference phenomena in quantum mechanics. In a 
quantum mechanical picture, interference occurs because 
there are indistinguishable ways of an event to occur [Q . 
Classically, one would not expect to observe interference 
from two temporally separated laser pulses. To observe 
interference the two pulses, if coherent, must be brought 
back together in space or "spread" by a narrow-band fil- 
ter. However, it is possible to observe interference effects 
for entangled two-photon states generated by two laser 
pulses which are well-separated in time. 

In this paper, we report a quantum interference exper- 
iment in which the interference occurs between ampli- 
tudes of entangled two-photon states generated by two 
temporally well-separated laser pulses. The delay be- 
tween the two pump laser pulses is chosen to be much 
greater than the width of the pump pulse and the width 
of the "wavepacket" determined by the spectral filter 
used in front of the detectors. Therefore, the "wavepack- 
ets" are well distinguishable from single-photon point of 
view. We first show why interference effects are not ex- 
pected for the case of a single pump pulse in our exper- 
imental setup. Then we introduce a second pump pulse 
delayed in time T and show how one can recover quan- 
tum interference. In this sense, this experiment can be 
viewed as a temporal quantum eraser. 

The two-photon state in this experiment is generated 
by spontaneous parametric down conversion (SPDC). 
SPDC is a nonlinear optical process in which a higher 
energy UV pump photon is converted to a pair of lower 
energy photons (usually called signal, and idler) inside a 
non-centrosymmetric crystal (in this case, (3 — BaB204, 
called "BBO"), when the phase matching condition 
(ujp = LOs + LOi, kp = kg + ki, where the subscripts re- 
fer to the pump, signal, and idler) is satisfied M. Signal 
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and idler have the same polarization in type I SPDC, and 
orthogonal polarization in type II SPDC. 

Let us first consider the case in which a single pump 
pulse is used for a SPDC process in the experimental 
setup shown in Fig. |^. A pair of SPDC photon is fed 
into the interferometer. Two photon counting detectors 
are placed at the two output ports of the interferometer. 
The coincidences between the two detectors are recorded. 
There are two biphoton amplitudes which could result in 
coincidence counts for this interferometer: both signal 
and idler are (1) transmitted (t-t), (2) reflected (r-r) at 
the beamsplitter (BS). If the pump is CW, interference 
between amplitudes t-t and r-r may occur. Due to the 
long coherence length of the pump, the two biphoton am- 
plitudes t-t and r-r may be indistinguishable, although 
delays r and ti are introduced as shown in Fig. ^ 
However, when a short pulse pump is used, the interfer- 
ence can never occur. It is, in principle, possible to know 
which path (t-t or r-r) the pair took to contribute a co- 
incidence count. See the Feynman diagrams in Fig. 
One can distinguish t-t and r-r amplitudes by measuring 
the time difference between the pulse pump and the de- 
tection at one detector since the pump pulse acts as a 
clock fixing the origin of the biphoton. In other words, 
the Feynman alternatives which originated from a single 
pulse are distinguishable. It is clear that no interference 
will be observed in this case. 

In a formal quantum mechanical representation Q , the 
field at the detectors can be written as: 

E[+\h) = ^ E^- ((^- • ei)ai.(fc(a;))e-*'^(*i-^i) 

+ t{ey ■ h)au{k{u;))e-'^^''-^^) , 
4+'(i2) = 4|E^- ((e, .e2)a2.(fc(^))e-*"(*^-^) 

+ «(e.-e2)a2,(fc(a>))e(-*'^*^)) , (1) 

where, for example, ais{k{uj)) is the annihilation oper- 
ator of a photon arriving at Di from the transmitted 
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beam s with wave number k{uj), e, 
quantization volume, and = Ti 



2£oVq 



, Vq is the 



^, i = 1,2 with li 
denoting the optical path length from the output face of 
the crystal to detector i. Bx and iy are the unit vectors 
representing the polarization of the photons and ei and 
62 are the unit vectors representing the orientations of 
the analyzers placed in front of the detectors. We can 
define the scalar projections of the polarizations onto the 
detector analyzers SiS €-x ' — COS 9i and iy ■ Ci = sin 9i, 
where i = 1,2. The coincidence counting rate is given by 
integrals over the firing times of the two detectors, Ti, T2 
respectively 
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In our experiment, the pump pulse is linearly polarized 
and propagating in the z-direction. The central fre- 
quency of the pump pulse is fip and it has an envelope of 
arbitrary shape, Ep. Then the pump pulse field can be 
defined by 

Ep{z,t)^e-''^'''Ep{z,t) , 

Ep(z,t)= j dypEp(vp)e'''^'^^^+''^^'-"'^' . (3) 
The SPDC state vector is given by 

l*> = |0) + g XI -^p^^* + ^s- %) X 



a\{k,{uj,))4{h{oj{)m 



(4) 



where |0) is the vacuum state, and all constants have 
been gathered in g. Here we consider the degenerate 
case {uji = ujg). Let us define t+ = \{ti -\- 12 — 2r), ti2 = 
ti — t2 + T. If ti2 is positive, the idler arrives after the 
signal. We may think of t+ as the mean time at which 
the two-photon wavepacket arrives at the detectors. The 
biphoton wavepackets are "superposed" in the form: 



^f) = - sin^i cos6'2A(t+ - Ti,<i2 
-I- cos6'i sin6'2A(i+, — ^12) 



2r 



ri) 
(5) 



In Eq. the first term represents the amplitude 

(wavepacket) where both signal and idler are transmit- 
ted (t-t) at the beamsplitter (BS) and the second term 
represents the amplitude (wavepacket) where both signal 
and idler are reflected (r-r) at the beamsplitter. Here we 
have considered only the terms which could result in co- 
incidence counts. To observe interference, the t-t and the 
r-r biphoton amplitudes must be indistinguishable for a 
given detection time pair (^1,^2)- Indistinguishability of 
the two Feynman alternatives implies that it is impossible 
to tell the biphoton path from the detection times. It can 
be shown M that the two biphoton amplitudes cannot be 



indistinguishable when we choose a delay r > (Jpuise, the 
pump pulse width, as in our experiment. Thus the in- 
terference cannot occur in our experimental setup from 
a single pulse pump. 

Now, we might ask ourselves, in the case of r > (Jpuise, 
whether it is possible to "recover" the quantum inter- 
ference. This can be accomplished by introducing a 
second pulse delayed in time T with T = t > apuise- 
This solution may come with a serious question: Can in- 
terference occur between two temporally distinguishable 
pulses? The answer is yes. Fig. ^ shows the Feynman 
diagrams for this two-pulse-pump scheme. The complete 
theoretical treatment can be found in Q| . The condition 
for interference is found to be: 



T = T, 2r = Ti 



(6) 



When this condition is satisfied, even though (1) the two 
pump pulses are well distinguishable in time, (2) detec- 
tion events for signal or idler are distinguishable, the r-r 
amplitude from the first pulse and the t-t amplitude from 
the second pulse are indistinguishable with respect to 
the coincidence detections. This is illustrated in Fig. ||. 
This is a two-photon interference phenomenon between 
biphoton amplitudes which originated from two tempo- 
rally well-separated pulses. 

It can be easily shown that the maximum visibility of 
the interference fringe for two pulses is 50% by simply us- 
ing the Feynman diagrams shown in Fig. ^. The coinci- 
dence counting rate is proportional to 



\e^+^e[+^\^) 



Rc OC \Aut + Mtt + ^Irr + ^2 



(7) 



where A\ and A2 represent the biphoton amplitudes re- 
sulting from the first and the second pulse pump, respec- 
tively. Subscripts tt and rr simply refer to transmitted- 
transmitted and reflected-refiected. Considering the non- 
zero terms of Eq. (Q) only. 



i?c CX 4 + A2ttA\„ + AxrvAlit 



(8) 



which shows 50% visibility at maximum if ^2tt and A\rr 
overlap. This deserves further comments. It is usually 
understood that quantum phenomena show 100% maxi- 
mum visibility while classical correlation of fields shows 
50% maximum visibility in fourth-order interference ex- 
periments 1^. In our case, however, maximum visibility 
is 50% although the interference is purely quantum me- 
chanical in nature: it is due to the quantum entangle- 
ment. If we consider multiple pulses (iV > 2) delayed 
in time T with respect to one another and include more 
biphoton amplitudes, maximum visibility can reach 100% 
Q. When iV pulse pumps are considered, the visibility 
is given by: 



y(Am,iV) = 



N - l\r 



(9) 



where Am is the difference in pulse numbers of the in- 
volved pump pulses. (For adjacent pulses. Am = 1.) 



2 



In our experiment, two temporally separated pump 
pulses were obtained by transmitting a single pump pulse 
through a quartz rod with the optic axis normal to the 
pump beam and rotated by 45 deg with respect to the 
pump polarization. See Fig. Since the e-ray and o- 
ray inside the quartz propagate with different group ve- 
locities, the incident single pulse starts to separate into 
two pulses. The length of the quartz rod controls the de- 
lay between the two output pulses: one polarized in the 
fast axis direction and the other polarized in the slow 
axis direction of the quartz rod. We can further vary 
this delay by placing quartz plates after the quartz rod 
to either make the delay bigger (optic axis parallel to 
that of the quartz rod) or smaller (optic axis perpen- 
dicular to that of the quartz rod). The repetition rate 
of the original pump pulse is about 90MHz, so the dis- 
tance between adjacent pulse is about llnsec. The single 
pump pulse has about 140 f sec. width and central wave- 
length of 400nm. The delay (T) between the two pulses is 
varied from IGO^m ~ 280/ir7i (or 533/sec. ~ 933/sec.), 
and a coincidence time window of 3ns is used. There- 
fore we can safely say that the two pulses are temporally 
well-separated and we only accept biphoton amplitudes 
originating from two neighboring pump pulses. 

In the experiment, we made use of type II degener- 
ate collinear SPDC (As = Xi = 2Xp, where s, i, and 
p stands for signal, idler, and pump respectively). The 
schematic of the experiment is shown in Fig. Qa. In 
this scheme, an orthogonal polarized signal-idler pho- 
ton pair (one with horizontal polarization, and the other 
with vertical polarization with respect to the optic ta- 
ble) propagates in the same direction as the pump. The 
thickness of the BBO crystal used in the experiment was 
lOOfim and the filter bandwidth was chosen to be lOnm 
{Icoh — A^/AA ~ 64/xm). The interferometer consists of 
many quartz rods and quartz plates. If the quartz rods 
(plates) are placed with optic axis parallel or perpendic- 
ular to that of the BBO crystal, they introduce delays 
between the signal-idler photon pair. The first delay (r: 
QRl and QPl) is chosen to be 197fj,m (or 657 f sec.) and 
the second delay (ti: QR2, QR3, QP2, and QP3) is cho- 
sen to be 2 X 197^m. So, here we satisfy one of the two 
conditions to observe two-photon interference from two 
separate pulses, which is ti = 2r. t delays idler relative 
to signal and ri delays signal relative to idler. 

To demonstrate the two-photon interference effects, we 
first show the polarization interference. The analyzer 
A2 is fixed at 45° and Ai is rotated while recording the 
coincidence and single counts. The single counting rate 
of the detector Di is found to be almost constant while 
the coincidence counts show sin^(0i — 62) or sin^(6'i +82) 
modulation depending on the phases introduced when 
changing the inter-pulse delay T We record the 

visibility of this polarization interference while varying 
the delay T between the two pulses. This is shown in 
Fig. ||. It is clearly shown that when the delay T is equal 
to the interferometer delay r, the maximum visibility, 
which in this case is 33%, is observed. 



We also observed the dependence of coincidence count- 
ing rate on the phase shift between the two pump pulses: 
the space-time interference |^ . This is done by orienting 
the two polarizers (^1 and A2) at 45° and by placing two 
additional quartz plates after QRl. By tilting the quartz 
plates, we introduce additional phase delay between the 
pump pulses. From eqs. (^) and (^, we expect to ob- 
serve, 

i?c cx 4 - 2t]{T) cos(rjp0p) , (10) 

where flp is the pump frequency, (j)p is the pump phase, 
and ri{T) has a value of ^ 1 and reflects the fact that 
the visibility of the interference fringe depends on the 
value of the inter-pulse delay T. For the case of max- 
imum visibility, ?7(t) = 1. The data shown in Fig. ^ 
demonstrates dependence on pump phase change. The 
modulation period is 400nm (pump wavelength) as ex- 
pected from Eq. (|l0|). Data shown in Figs, g and ^ 
clearly demonstrate two-photon interference effects be- 
tween biphoton amplitudes generated from two tempo- 
rally separated pump pulses. 

In conclusion, we have experimentally demonstrated 
the two-photon interference between biphoton ampli- 
tudes arising from two temporally well-separated pump 
pulses. It is important to note the following. (1) The 
pump pulse intensity was low enough so that single count- 
ing rates of the detectors were kept much smaller than 
the pulse repetition rate: the probability of having one 
SPDC photon pair per pulse in our experiment is neg- 
ligible. Hence the interference cannot be explained as 
two SPDC photons from two pump pulses (one SPDC 
pair from each pulse) interfering at the detectors. The 
two pump pulses simply provide two biphoton amplitudes 
which could result in coincidence counts, and interfer- 
ence occurs between these two biphoton amplitudes only 
when they are indistinguishable. (2) The BBO crystal in 
our experiment was only lOOfim thick, so the two-pulse 
did not exist in the BBO at the same time at any mo- 
ment. (3) Due to the delays in the interferometer (r, 
Ti), the signal and idler never met at the beamsplitter 
(BS). Therefore, the existence of two-photon interference 
cannot be viewed as the interference between the signal 
and idler photons. These three points again emphasize 
the fact that it is the indistinguishability of the Feyn- 
man alternatives for the biphoton amplitudes which is 
responsible for the quantum interference effects. 
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FIG. 1. Schematic of the experiment. 
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FIG. 2. Feynman diagrams for the single pulse case. Two 
amplitudes are distinguishable since the pump pulse acts as 
a clock. 




FIG. 3. Feynman diagrams for the two-pulse case, r-r (1st 
pulse) and t-t (2nd pulse) are indistinguishable in terms of 
the detector firing times. 
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FIG. 4. (a) Scheme to produce a train of two pulses. See 
text for details, (b) Experimental setup. Each detector pack- 
age consists of a short focus lens, an interference filter with 
lOnm FWHM, and an avalanche photo-diode. 
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FIG. 5. Visibility change of the polarization interference 
while the delay between two pulses is varied. When T — t, 
maximum visibility was observed. 
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FIG. 6. Space-time interference showing dependence on 
pump phase. The modulation period is 400nm as expected 
from Eq. (|l|). 
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